Autonomous deployment and shape reconfiguration of structures is a crucial field of research in space exploration with emerging applications in the automotive, building and biomedical industries. Challenges in achieving autonomy include: bulky energy sources, imprecise deployment, jamming of components and lack of structural integrity. Leveraging advances in the fields of shape memory polymers, bistability and 3D multi-material printing, we present a 3D printed programmable actuator that enables the autonomous deployment and shape reconfiguration of structures activated though surrounding temperature change. Using a shape memory polymer as the temperature controllable energy source and a bistable mechanism as the linear actuator and force amplifier, the structures achieve precise geometric activation and quantifiable load bearing capacity. The proposed unit actuator integrates these two components and is designed to be assembled into larger deployable and shape reconfigurable structures. First, we demonstrate that the activation of the unit actuator can be sequenced by tailoring each shape memory polymer to a different activation time. Next, by changing the configuration of the actuator, we demonstrate an initially flat surface that transforms into a pyramid or a hyperbolic paraboloid, thus demonstrating a multi-state structure. Load bearing capability is demonstrated for both during activation and in the operating state.
Introduction
Deployable structures are used in a wide range of applications in space exploration, 1 biomedical, 2 and solar energy. 3 In these applications, the properties of the deployable structures typically sought include large-scale shape change, predictable geometric transformations and reconfigurations, passively controllable activation, load bearing capability and tunable deployment conditions. In addition to motorized actuators, a number of passively actuated designs have been proposed, including electricity, 4 light, 5 pressure, 6 shape memory effect (SME), 7 swelling, 8 and piezoelectricity. 9 In the field of space exploration, deployment is a critical phase in the life cycle of a space structure. 10 With respect to kinematics, entanglement and jamming may occur if part movements cannot be precisely controlled. 11 Mechanically, the driving force must be tuned to overcome resistance at all stages of deployment. 12 Traditionally, designs often involve complex packing strategies, such as origami folding, 13 tensegrity, 14 as well as bulky powered driving mechanisms such as air pressure 15 and electrical drives. 16 With multi-material 3D printing technologies, there is potential to fabricate monolithic designs that can be autonomously activated by environmental triggers, e.g. temperature.
An increasing number of active structures are designed and fabricated in a newly coined field of 4D printing. 8 4D printing uses properties of 3D printing materials to achieve design shape change under environmental forces. The development has been focused in the areas of material synthesis and geometric reconfiguration. In Raviv et al., 17 a hydrogel that swells under water is used as an actuator that changes the shape of a compliant string or surface. Gladman et al. 18 continued this method of actuation by designing anisotropic properties of a swelling meta-material. Ge et al. 19 first utilized the shape memory properties of the photo polymeric inks used in the Polyjet 3D printing technology to achieve shape change.
Each of these actuation methods have areas for improvement. Swelling hydrogel has a long activation time, imprecise geometric configuration change and lack of load bearing capacity. Additionally, it is often impractical to submerge a structure under water. Shape memory polymers, as implemented by Ge et al., 19 require the design to be fabricated in the activated state, while offering no real precision in the programmed state. SME of polymers is adopted in this research as it is able to produce a large actuation strain, 20 moderate recovery stress, and is able to be fabricated with a 3D printer. By combining this polymer with a bistable mechanism called Von Mises Truss, we are able to define two distinct equilibrium states that can be precisely achieved. Von Mises Type bistable mechanisms have previously been used in active masts, 21 for energy absorption, 22 and more recently to create 3D printed structures. The actuator consists of a bistable mechanism and a shape memory strip (SMS). The SMS provides the force to activate the bistable mechanism. b) The design of the unit actuator shows the bistable mechanism consisting of a bracket that provides structural rigidity, joints that provide the rotational DOF to the bistable trusses, and flexible beams that simulate the boundary condition of the Von Mises Truss. The overall dimensions and the connection points are indicated. d) The SMS whose geometry is parametrically defined to provide both expansion and contraction to the actuator. c,e,f) shows the fabricated specimens.
In the activation phase, the bistable mechanism acts as a force amplifier, and renders the deployable structure load bearing. By combining the mechanics of bistability and shape memory polymers, we present a unit actuator that delivers the above characteristics and addresses the shortcomings. We propose to integrate this actuator in deployable structures as the source of activation for shape reconfiguration. The structures can be deployed from 2D to 3D states under a certain temperature. By demonstrating a synclastic and an anticlastic structure reconfigured from the same base design, we demonstrate both autonomous deployment and shape reconfiguration. The printed state of an expanded SMS. b) By heating the SMS past its T g and applying a mechanical force, the SMS is deformed by the stroke length s to its programmed state. c) The programmed SMS is cooled down and assembled into the bistable mechanism. d) The unit actuator is activated through heating. Upon cooling, the final activated state is rigid and behaves as a static member.
Results
Design of a programmable unit actuator using bistability and shape memory polymer First, we introduce the geometry of the actuator design, second, we discuss the kinematics and activation sequence, and lastly we investigate its mechanical behavior. For actuation, we propose a unit actuator consisting of a bistable mechanism that dictates the equilibrium states and shape change and the shape memory strip (SMS) that provides the activation force. This unit actuator is capable of activating independently of the rest of the structure. The principle behind this proposed actuator is shown in Figure 1a , where the shape memory effect is used to trigger bistability from the contracted to the expanded configuration or vice versa. The bistable mechanism is a realization of the Von Mises Truss 24 and is adapted from designs proposed by Chen et al. 23 The bistable mechanism is fabricated using both a rigid and a compliant material. Bistability is provided by the rigid truss members, the flexible joint and the flexible beam, which simulates the ideal boundary condition (Figure 1b) . To achieve predictable deployment, the constituting printed materials are studied using Differential Scanning Calorimetry (DSC). It is found that the glass transition temperature T g of the rigid and the compliant components are approximately 80 • C and −5 • C respectively. 25 This effectively renders both thermally stable at a temperature in the vicinity of the T g of the SMS material, which is between 30 and 40 • C.
The design is fabricated in either the contracted or the expanded configuration and is triggered by the SMS installed beneath the pin. The SMS (Figure 1d ) consists of two thin, symmetrical strips with a rectangular cross section. The force it delivers is parametrized by its amplitude A and thickness t. The stroke length of the bistable mechanism dictates the change in length of the SMS between the fabricated and the activated states. Figure 1c shows an example of the unit actuator with the bistable mechanism. While this design can be fabricated in one piece, we choose to separate the bistable mechanism from the SMS so that we are able to investigate each separately.
The deployment of the unit actuator procedure consists of two phases, the first phase is the programming and assembly of the SMS with the bistable mechanism. The second is the constrained recovery of the SMS and consequently the activation of the unit actuator. In the programming phase, the SMS is heated past T g and is either stretched or compressed by a distance equal to the stroke length of the bistable mechanism (Figure 2a to b) . While confined, the SMS is cooled and installed in the bistable mechanism (Figure 2c ). The second phase is triggered by raising the temperature of the unit actuator past T g (Figure 2d ). As the SMS recovers, it triggers the bistable mechanism and achieves the deployed state. Once cooled, this activated state behaves as a rigid structure as the SMS returns to its glassy state.
To ensure deployment, the SMS must overcome the activation force of the bistable mechanism at all stages of the deployment process. Mechanical testing is done using a dynamic testing machine with an embedded heat chamber. To simulate the test condition, a Finite Element simulation is performed to obtain the behavior of SMS using a linear viscoelastic constitutive model constructed for the shape memory material. Stress and strain behavior is obtained from Chen et al. 23 Simulation of the bistable mechanism follows a static non-linear FEA with prescribed displacement using beam elements. Simulation and experimental results are shown in Figure 3 . Panels a and b show the force exerted by the SMS during relaxation when T ≥ T g . By varying the thickness of the SMS, we are able to tune the force from 0.1 to 1 N during expansion and 0.1 to 2 N for contraction. Using this data, we select a SMS with the force required to activate the bistable mechanism. As shown in Panels c and d, to activate the bistable mechanism when T ≥ T g , the SMS must deliver a constrained relaxation force that is greater than the bistability activation force, i.e. F SMS − F bi ≥ 0. This must be explicitly satisfied in Region I where the bistable force acts in opposition to the SMS. In Region II, after the bistable mechanism triggers, both forces act in the same direction. This enables the force amplification characteristic of the bistable mechanism. Equilibrium occurs at the end of Region II where the two forces balance once again (labelled as III). Note that this is slightly before full stroke length as the bistable mechanism has an asymmetrical behavior. Panels e and f show the overall mechanical behavior of a unit actuator under either activation temperature (i.e. T ≥ T g ) or operating temperature (i.e. T < T g , in this case, T ∼ 22 • C). In the first instance, the overall behavior equals to the sum of the relaxation force of the SMS and the activation force of the bistable mechanism. In the second instance, by cooling the SMS to its glassy state, its Young's modulus increases significantly. As a result, the unit actuator behaves as if it were a static structural element, allowing a much stiffer force displacement response.
We demonstrate that the actuator can be integrated into a larger structure by showing the controlled activation of three serially connected actuators. By varying the thickness of the SMS, we can control the exerted force (Figure 4a,b) and thus the sequence of activation due to heat conduction of the shape memory polymer. SMS with thicknesses of 1.50, 1.75, 2.0 mm are used as they can all trigger the bistable element, yet have different activation times. The actuator is designed such that its pin is part of the frame of a second, serially connected actuator (Figure 4c ). This increases the overall expansion ratio as more actuators are linked. The activation sequence begins with the thinnest SMS and completes with the thickest SMS (Figure 4d ). 
Design of Deployable Structures
We now integrate the described actuators in 2D designs that deploy into load carrying 3D structures. An edge-node schematic of the structure is shown in Figure 5a . The design can be simulated as a truss network, i.e. the edges can only sustain axial load and the nodes are pin jointed. The design consists of a rectangular frame with four cross edges. Each edge can assume three behaviors: expansion, contraction or remain static. In this work, two physical realizations of the design are demonstrated by switching the initial configuration of the cross edges between expansion and contraction actuators (Figure 5b ). Compliant joints are placed at the nodes where rotational Degrees of Freedom (DOF) are required. The stiffness of the joints is reduced by fabricating them with a soft elastomer and internal microstructure. The different parts are assembled with a common joint (Figure 5c ). Each SMS is programmed separately and assembled into the structure. The initial state is planar. For deployment, the structure is submerged under 40 • C water. Self-weight of the structures is neglected as the density of the materials are approximately 1175 kg m −3 , which is slightly higher than water. Both structures activate as predicted. With the expanding structure, a synclastic surface is formed resembling a pyramid. With the contracting structure, an anticlastic surface is formed. The timing of the activation for both is under three minutes, which is significantly faster than using swelling.
In addition to activation, two load cases are tested by placing a specified mass at the apex of each structure. The first is under the deployment condition where the temperature remains at 40 
Discussion
The presented work demonstrates the design of autonomous shape reconfigurable structures. We propose a programmable unit actuator that either expands or contracts under temperature change. Using the viscoelastic behavior of thermosetting polymers, a pre-strain is imposed on the Shape Memory Strips (SMS) at a temperature greater than the polymer's glass transition temperature, T g . This pre-strain locks in when the temperature lowers and is released when the temperature increases again, thereby triggering the bistable mechanism. Using this actuator, we demonstrate the deployment of 2D sequenced actuators and load bearing 3D space structures.
The proposed unit actuator can be integrated in structural applications where the transport volume must be much smaller than the operating volume. With respect to the example of deployable space structures, the proposed design has a number of advantages compared to the state-of-art in all phases of the deployment process.
In the fabrication phase, both the bistable mechanism and the SMS are 3D printed with minimal support material and assembled with a universal connector (Figure 5c ). The activation force of the bistable mechanism is dependent on its joint length and stiffness. 23 The triggering temperature and duration of the SMS can be tuned by varying the chemical composition of the shape memory polymer resin 19 and by changing its thickness respectively.
In transportation and the deployment phase, the stowed state of the proposed actuator is precisely defined by the first equilibrium point of the bistable mechanism. Designs that feature only SMPs are programmed using ad-hoc methods such as hand pulling. 26 This flat stowed state is maintained without a restraining mechanism. 27 Rather than motorized deployment, the proposed structures are activated through environmental change, thereby removing the need for electrical energy input and eliminating the possibility of jamming of parts.
In the operating phase, the structure is load bearing when deployed, as the bistable mechanism amplifies the load bearing capacity of the unit actuator independently of the surrounding temperature. This is in contrast with most 4D printed designs that focus solely on shape transformation rather than functionality in the final state. 8 Under operating temperature (i.e. T < T g ), the SMS returns to its glassy state and behaves as a rigid member, effectively making the unit actuator a static structural element.
As demonstrated, the structures can reconfigure themselves both positively and negatively, with a combination of these two modes and given many actuators, one can form a surface of almost any given curvature. As we have characterized the thermal mechanical behavior of the unit actuator, simulation of the deployment and load capacity can be done using form-finding algorithms, developed in previous work, that can be extended to generate and optimize large scale reconfigurable structures. 23 
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